Abstract. Computation of recharge in subarctic climate regions is complicated by phase change and permafrost, causing 9 conventional conceptual land surface models to be inaccurate. We conjecture that large vapor pressure gradients, driven by 10 the large temperature difference between the soil surface and the thawing permafrost active layer, may cause a significant 11 water and energy transfer during late spring and early summer. To analyze this conjecture, we develop a two-compartment 12 water and energy balance model that accounts for freezing and melting and includes vapor diffusion as a water and energy 13 transfer mechanism. It also accounts for the effect of slope orientation on radiation, which may be important for high latitude 14 mountain areas. We apply this model to weather data from the Terelj station (Mongolia). We find that vapor diffusion plays do not, because of the small vapor pressure differences at low temperature. The downwards latent heat flux associated to 20 vapor diffusion is essential for the thawing of the active layer. On a yearly basis, it is largely compensated by heat 21 conduction, which is much larger than in temperate regions and upwards on average. Furthermore, we find that total surface 22 runoff is small and concentrated at the beginning of spring due to snowmelt. Recharge is relatively high and delayed with 23 respect to snowmelt because a portion of it is associated to thawing at depth, which may occur much later. Hydrol. Earth Syst. Sci. Discuss., https://doi
Introduction

27
This work is motivated by the assessment of water resources in the Upper Tuul River basin, around Ulaanbaatar (Mongolia) 28 and, in general, by subarctic continental climate regions, characterized by very low temperatures, low rainfall and, yet, 29 sizable runoff. This causes such regions to fall very low in the Budyko curve (see, e.g., Figure C1 of Hanasaki et al., 2008) .
30
That is, total runoff is much larger than what would be expected in terms of potential evapotranspiration and rainfall.
31
We conjecture that increased runoff may be caused by condensation (deposition) of air moisture. Condensation and freezing 32 may be especially significant during spring when air temperature and moisture increase, which drives water vapor to the cold simulate vapor diffusion in the soil. For our purposes we need to take into account vapor diffusion flux in both the water and 61 the energy balance of the soil.
62
The aim of this work is to assess the importance of vapor diffusion in cold and semi-arid regions and, so, obtain a better 63 understanding of the hydrological processes in such regions. We do this by developing a hydrological scheme that consider 64 both water and energy balances and accounts for vapor diffusion as well as other processes that are relevant for subarctic 65 climates, including the effect of slope on radiation. 
Water balance
83
The water balance for the surface and the subsoil layers can be formulated as:
84 ∂m ∂t P ET I SR J (1)
where subscripts "sf" and "ss" refer to surface and subsoil layers, respectively, m is the mass of water (liquid or ice) (kg 
87
Evapotranspiration is commonly used to describe both evaporation and transpiration (Brutsaert, 1982) , including 88 sublimation, i.e., the direct conversion of ice to water vapor (Zhang et al., 2004) . ET is usually the most important term for 89 returning energy to the atmosphere. Traditional methods for estimating evapotranspiration can be divided into those that use 90 temperature (Hargreaves and Samani, 1985) , radiation (Priestley and Taylor, 1972) 
where M is the molar mass of water (0.018 kg mol -1 ), R is the gas constant (8.314 J mol -1 K -1 ), T is the air temperature (K),
100
r and r are the aerodynamic and stomata resistances, respectively (s m -1 ), α is the fraction of total transpiration from the 101 surface layer and βis the fraction of vegetation cover.When the soil is frozen, no transpirations is assumed andαand β are
102
given a zero value.Factor, f, represents the reduction of evaporation due to the lack of water in the surface and subsoil layers 
106
The aerodynamic resistance,r , describes the resistance from the vegetation upward and involves friction from air flowing 107 over vegetative surfaces whereas the stomata surface resistance, r , describes the resistance of vapor flow through stomata,
108
total leaf area and evaporating soil surface (Shuttleworth, 1979) . A general form for the aerodynamic resistance to 
where r is the bulk stomata resistance of a well-illuminated leaf (s m -1 ). Monteith and Unsworth (1990) suggest that r =100 116 s m -1 for grassland. LAI is the leaf area index (leaf area per unit soil surface area).
117
Factor, f, in equations (3) and (4) expresses the decreases of ET with water content in the surface and subsoil layers, 
where superscripts fc and wp refer to field capacity and wilting point, respectively.
120
For the calculation of infiltration (I) we assume that it is limited by a maximum infiltration capacity, and that only liquid
121
water exceeding the field capacity can infiltrate. Then, for a time step Δt the infiltration can be formulated as:
where m is the mass of water in the surface layer at a present time step and m , is the liquid mass of water in the surface 123 layer (kg m -2 ). The maximum infiltration (I max ) equals the saturated hydraulic conductivity (K ).
124
In a similar way we calculate surface runoff (SR) by assuming that only water exceeding the maximum water content in the 
128
Vapor diffusion using Fick's Law, is written as:
where D is the diffusion coefficient (m 2 s −1 ), T is the temperature of the surface layer (K), L is the surface layer's length
130
(m). Note that we use L as length between the two layers rather than L L /2because temperature gradients, which 131 control vapor pressure, are expected to be largest near the soil surface. The value to be adopted for thediffusion coefficient 132 deserves some discussion. The diffusion coefficient of water vapor in air is 0.3·10 -4 m 2 s -1 (Cussler, 1997 
Radiation
156
Radiation is the main energy input for land surface models. Hence, it is not surprising that it has received a lot of attention.
157
We follow a somewhat modified version of the approaches of Tian el al., (2001) and Allen et al., (2006) and divide radiation 158 between shortwave, received from the sun, and longwave radiation, emitted by the Earth and the atmosphere. Net radiation
159
(R ) is the sum of the net shortwave radiation (R ) and the net longwave radiation (R ):
where A is the albedo, fraction of solar radiation (R ) that is reflected by the surface. The albedo depends on surface types
161
(small for vegetated surface and high values for snow). In our model the albedo was determined from data on snow depth.
162
However, this could easily be changed (e.g., to a dependence on mass of ice in the subsoil), when no snow depth data are 163 available. The net longwave radiation is equal to the received (downward, R . ) minus the emitted (R . ) radiation.
164
Solar radiation on a horizontal and on an inclined surface
165
The solar radiation on a horizontal surface (R , ) is measured or can be calculated from the atmospheric transmissivity 
where is the sunset angle, the integrals of s and max , 0 are given by equations A6 and A13 of theAppendix.
184
Longwave radiation
185
Longwave radiation appears simple, but actual parameterization is hard (Herrero and Polo, 2012; Zabel et al., 2012 whereh is relative humidity.
199
Sensible heat 200
The sensible heat flux is calculated using the aerodynamic resistance (r ) and soil surface resistance (r ):
where is the air density (1.22 kg m -3 ) and c is the specific heat of air (1013 J kg
). The soil surface resistance, r , is 202 calculated from the thermal conductivity of the soil:
where λ is the thermal conductivity of the soil. 204
Heat conduction
205
Heat conduction of soil can be calculated from Fourier's Law as:
where λ is the soil thermal conductivity (λ λ λ ), whereϕ is the porosity, λ is the thermal conductivity of the solid 207 particles, and λ , is the thermal conductivity of ice, λ , when water is frozen or that of liquid water, λ , otherwise (Côté and 208 Konrad, 2005). 
Numerical solution and implementation
210
We solve the water and energy balance equations (Eqs. (1),(2), (10) and (11), respectively) using a semi-implicit finite 211 differences scheme with a time step of one day. The term semi-implicit means that all variables are treated explicitly (i.e.,
212
using the values from the previous day), with two exceptions to ensure stability. First, vapor pressures in equations (3) water balance to approximate the water available for evaporation, this is followed by the energy balance which yields not 217 only energy and temperature, but also actual evaporation, that is used for the final water balance.
218
The algorithm was implemented in a spreadsheet that is available for the cases discussed below at 219 http://h2ogeo.upc.edu/es/investigacion-hidrologia-subterrania/software.
220
All terms but the vapor diffusion, in the water (section 2.2) and energy (section 2.3) balances have been extensively tested
221
(see introduction). We test the validity of our formulation in the Appendix B. 
230
The average daily maximum and minimum air temperature is 5.06°C and -11.5°C, respectively. Mean air temperature 
234
We used parameters from the literature (Table 1) 
240
So, we used ε s =0.94 for the base model. We assumed that all the roots of grass are in the surface layer (L sf ) which means the 241 evapotranspiration only occurs from the surface layer. Thus, we used α equal to 1.
242
The surface roughness length (z 0 ) is defined by surface types such as soil, vegetation and snow. We used z 0 =0.04 for grass Hydrol 
Results
253
Results are summarized in Figure 3 , which displays the evolution of the water fluxes (precipitation, evapotranspiration, 254 recharge, surface runoff and vapor diffusion), water contents, heat fluxes (net radiation, latent heat, sensible heat, vapor 255 convection and heat conduction) and temperature (air, surface and subsoil) of the base model during the last two years. Table   256 2 and 3 summarize the balances averaged over the 5 years for the base model and for the sensitivity.
257
Direct surface runoff is very small. and summer driven by vapor diffusion into the subsoil. While the rate is small (it can hardly be seen in Figure 3a , so we 269 zoom it in Figure 4 ), it occurs throughout the late spring and summer, after the subsoil has started to thaw. Overall, it is 270 about half of recharge from direct rainfall infiltration, but much more regular (it occurs every year) and quite robust, in that it
271
displays little sensitivity to model results(See Table 2 ).
272
Vapor diffusion between the surface and subsoil layers is positive (downwards) during spring and early summer, because 273 then the temperature and, therefore, vapor pressure is higher in the surface than in the subsoil. The flux fluctuates during late 274 winter, when the subsoil has started to warm, so that vapor diffuses upwards during cold days and downwards during warm 275 days. Diffusion is consistently upwards during autumn and winter, but the rate is very low because the saturated vapor 276 pressure is low and changes little with temperature (that is, dp v,sat /dT is small) at low temperatures. 
284
Note that, except for the two heavy rainfall events of May and August, recharge during the warming period (after the subsoil 285 has started to thaw) is identical to the vapor diffusion flux.
286
Vapor diffusion is basically controlled by the diffusion coefficient (D), which is the only parameter that affects the vapor 287 diffusion flux significantly (Table 2) . Reducing D leads obviously to a reduction of vapor diffusion. A similar effect results
288
from increasing the soil surface thickness, which results in an apparent reduction of the gradient. As less water is transported 289 downwards, evapotranspiration increases and recharge decreases.
290
As expected, evapotranspiration is the main sink of water. In fact, it is limited by water availability during the warm season,
291
being high only after rainfall events and during melting (Figure 3.b) . The evapotranspiration is about 85% of rainfall (Table   292 2), which is similar to the results obtained by Ma 
297
The whole cycle is driven by radiation, which follows the usual seasonal patterns, high during late spring and early summer 298 and low in winter, when net radiation may become negative, partly due to the high albedo of snow (Figure 3.d) . The 299 radiation balance is highly sensitive to orientation of the slope (Table 3) . Obviously, the south face receives more radiation 300 than the north face. But this is largely compensated by an increase in sensible heat flux. The sensible heat increases when 301 latent heat decreases. That is, heat is returned to the atmosphere either as latent heat when water is available for evaporation,
302
or as sensible heat when the soil is dry. According to the energy balance (Table 3) , the sensible heat is higher than the latent 303 heat flux, which reflects the dry climate of region. As a result the effect of slope and orientation is smaller than we had 304 anticipated (Tables 2 and 3 ). The large increase in radiation of south facing slopes only results in a small increase in 305 evaporation and latent heat and a parallel reduction of infiltration and recharge decreases ( 
310
The dependence of the two balances on slope is non-monotonic, which points to the complexity of the system, even in the 311 relatively simple model we are presenting here. Radiation is dramatically reduced in north facing slopes, which causes a 312 reduction in ET, but the reduction is very small as discussed above, and not sufficient to cause an increase in infiltration. The 313 reduction in ET is compensated by an increase in surface runoff and latent heat diffusion (vapor convection) downwards.
314
The non-monotonic dependence of vapor convection on slope also illustrates the robustness of vapor diffusion. It is slightly 315 larger in south facing slopes than in horizontal land because surface temperatures are also larger. But it is also slightly larger 316 in north facing slopes than in horizontal land because subsoil temperatures are lower. 
317
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331
(more than 7 months, compared to less than six the surface layer), there is a net flux upwards, to compensate the latent heat 332 convection associated to vapor diffusion, which is downwards, as was discussed before. Therefore, it is not surprising that all 333 factors that reduce the soil heat flux cause an increase in vapor convection, and vice versa.
334
The temperature oscillates more at the surface than at the subsoil layer (Figure 3 .f). The differences of temperature of the 
338
An increase of the subsoil length (L ss ) leads to temperatures in the subsoil that oscillate less due to the increased heat storage 339 capacity. This leads to larger temperature differences between surface and subsoil, which according to our model (equation 
349
-Direct surface runoff is negligible and restricted to snowmelt periods.
350
-Liquid infiltration and subsequent recharge are restricted to a few heavy rainfall events. However, a sizable 351 recharge (about half of that from rainfall events) occurs continuously during late spring and early summer.
352
-Evapotranspiration is limited by water availability, as it accounts for 85% of rainfall. Sublimation is restricted to 353 late fall and spring, but it is also large, compared to winter snowfall. Ice deposition occurs most days during January
354
and February.
355
-Sensible heat is higher than latent heat flux, which reflects the dry climate of the region and low precipitation.
356
-The active layer remains frozen during the winter with periods of freezing or thawing of some three months, a 357 length of time that increases when the thickness of the active layer increases.
358
In summary, results are qualitatively consistent with observations. Notably, total runoff would be too small, compared to 
364
In summary, the net downward vapor flux is relevant both in terms of water balance, accounting for a sizable portion of 365 recharge, and energy balance, causing a net upwards flux of heat. We conclude that land surface schemes should account for 366 vapor diffusion. We notice that, being a diffusive process, it may be included in such schemes at a moderate effort. Still, Law, that is, the choice of length over which diffusion takes place in equation (9). 
394
Correction for an inclined surface
395
The strike (σ) of an inclined plane is the orientation of a horizontal line on this plane, expressed as an angle relative to the 396 north in clockwise direction. The dip (θ) is the maximum angle between a horizontal plane and the incline plane ( figure A2 ).
397
The extraterrestrial solar radiation on an inclined surface is the solar radiation without taking into account the reduction of it 398 by the atmosphere. It can be expressed as: with the original general use spreadsheet, and we discuss them here.
430
Meteorological data had to be changed. There is no rainfall, we assumed zero wind velocity and the net radiation was fixed 431 at 750 W m -2 , value reported by Gran et al., (2011a).
432
Since the experimental column loses heat through the column sides, we had to add a sensible heat sink of the form 433 in both the subsoil (ss) and soil surface (sf) layers. When we adopted the value reported by Gran et al. (2011b) for ,
434
the column cooled down too much. In examining her input files, we realized the value she reports in the paper is not correct.
435
The right value is far smaller.
436
The column thickness is 24 cm. So, we adopted a thickness of 2 cm for the top layer and 22 for the bottom.
437
As the thickness is small, capillary fluxes are relevant. We computed them as proportional to the difference in water content,
438
and adjusted the proportionality constant so as to fit observations ( Figure B1 ) The initial calculations (with large for lateral heat exchange, see above) were unstable, so we had to reduce the time step 440 from 1 day to 1 hour, which was also a test of the internal consistency of the spreadsheet. As it turned out, results would 441 have also been stable with the final reduced , but we still kept the 1 h time step.
442
As shown in Figure B1 , results are quite good (note that no diffusion or boundary layer parameters were touched from those 443 of the basic spreadsheet). So we left it at that, without trying to perform a formal calibration (an informal trial and error
444
calibration was effectively performed when adjusting the lateral heat exchange and the capillary flux). 
